The electronic structure in the complete series of stable lanthanide sesquioxides, Ln 2 O 3 (Ln = La to Lu, except radioactive Pm), has been evaluated using oxygen K-edge X-ray absorption spectroscopy (XAS) with a scanning transmission X-ray microscope (STXM). The experimental results agree with recent synthetic, spectroscopic and theoretical investigations that provided evidence for 5d orbital involvement in lanthanide bonding, while confirming the traditional viewpoint that there is little Ln 4f and O 2p orbital mixing. However, the results also showed that changes in the energy and occupancy of the 4f orbitals can impact Ln 5d and O 2p mixing, leading to several different bonding modes for seemingly identical Ln 2 O 3 structures. On moving from left to right in the periodic table, abrupt changes were observed for the energy and intensity of transitions associated with Ln 5d and O 2p antibonding states. These changes in peak intensity, which were directly related to the amounts of O 2p and Ln 5d mixing, were closely correlated to the well-established trends in the chemical accessibility of the 4f orbitals towards oxidation or reduction. The unique insight provided by the O K-edge XAS is discussed in the context of several recent theoretical and physical studies on trivalent lanthanide compounds.
Introduction
A comprehensive model of 4f and 5d orbital bonding is needed for many efforts to control the chemical reactivity and physical properties of lanthanide compounds. Although ionic bonding dominates most bulk lanthanide properties, some studies suggest that small amounts of covalency have an important impact on the electronic structure and magnetic properties. For example, covalent bonding with the 4f orbitals is an important component of many electronic structure descriptions for formally tetravalent cerium compounds including cerocene, (C 8 H 8 ) 2 Ce, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and cerium dioxide, CeO 2 . [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In the trivalent state, well-defined interactions with the 4f orbitals are less common. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] However, recent theoretical and spectroscopic studies have recognized the importance of 5d-covalency for a broad range of trivalent lanthanide molecules. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] These effects raise many important questions, such as whether accurate theoretical methodology can treat the 4f-electrons simply as part of the core, or whether a more demanding approach should be followed that allows the 4f-electrons to delocalize and participate in bonding. [22] [23] [24] [47] [48] [49] [50] [51] [52] [53] [54] [55] In addition, controlling the ligand field strength and symmetry is one of the more promising avenues to increase the relaxation barriers of single-molecule magnets. [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] Clearly, efforts to harness the unique electronic and magnetic properties of lanthanide elements would benefit from more accurate models of 4f and 5d orbital bonding. In recent years, ligand K-edge X-ray absorption spectroscopy (XAS) has emerged as one of the most effective and versatile methods to quantify the electronic structure and orbital mixing in d-and f-block materials with bonds to light atoms such as carbon and oxygen. [76] [77] [78] [79] [80] The technique measures the intensity of the bound-state transitions between ligand 1s orbitals and unoccupied orbitals with a ligand 2p orbital character. [81] [82] [83] [84] Previous work has shown that accurate transition intensities can be obtained at the O K-edge (ca. 540 eV) by measuring XAS in transmission mode with a scanning transmission X-ray microscope (STXM). 76, 77, 80 This spectroscopic approach overcomes many of the errors resulting from surface contamination, saturation, and self-absorption effects, which are typically encountered when using traditional detection methods on non-conducting samples. STXM measurements are conducted on micron-scale particles to ensure that the spectral path length is within the linear regime of Beer-Lambert's law, which is particularly advantageous for the examination of the dense solids described below. In this study, O K-edge XAS from STXM was used to evaluate periodic changes in the electronic structure and orbital mixing for the complete series of lanthanide sesquioxides, Ln 2 O 3 (Ln = La to Lu, except radioactive Pm). Ln 2 O 3 compounds were chosen because the nature of localized (ionic) and itinerant (covalent) electronic states has a significant impact on their unusual chemical and physical properties. 22, 23, 54, [85] [86] [87] [88] [89] [90] In addition to being starting materials for the laboratory-scale synthesis of many other lanthanide materials, lanthanide sesquioxides are irreplaceable components of automotive catalytic converters, lighting phosphors, semiconductors, high-performance electronics, medical technologies, and neutron poisons for nuclear fuel. [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] Trivalent Ln 2 O 3 compounds can be prepared in high purity for all the lanthanide elements, which provides a unique opportunity to determine how the electronic structure is impacted by changes in 4f and 5d orbital energies and occupancies, symmetry, and coordination number. The sesquioxides also provide a valuable structural comparison for the important but poorly understood transuranic sesquioxides, An 2 O 3 (An = Pu, Am, Cm, Bk, and Cf ), which do not have an isostructural analog among the lighter actinides such as Th and U. Because the radial extension of the 4f orbitals can be regarded as insufficient to provide overlap with ligand-based orbitals, 50,100-102 most aspects of the Ln 2 O 3 structure and bonding are traditionally thought to follow from the monotonic decrease in Ln 3+ ionic radii observed between La and Lu ( Fig. 1) . However, recent physical measurements 89, 90 and theoretical studies 22, 23, 54, 55, [85] [86] [87] [88] 103 have revealed irregular variations in Ln 2 O 3 band gaps ( Fig. 1, right) , which has far-reaching consequences for efforts to understand valence orbital composition, mechanisms of conduction, and other physical properties in lanthanide materials. [104] [105] [106] [107] [108] [109] [110] [111] The O K-edge XAS results described below provide new insight into this unusual behavior by showing that Ln 2 O 3 bonding is far from fully ionic owing to participation of the 5d orbitals.
Results and discussion
Oxygen K-edge measurements and data reduction All measurements except for Sm 2 O 3 were performed with the STXM on the Canadian Light Source (CLS) soft X-ray spectromicroscopy (SM) beamline 10ID-1, which is ideally suited for accurate light atom (C, N, O, F) K-edge XAS measurements on finely divided powders. 112 The O K-edge measurement for Sm 2 O 3 was performed using the STXM on Advanced Light Source (ALS) beamline 5.3.2.2. 113 To quantify the absorbance signal, the measured transmitted intensity (I) was converted to optical density using Beer-Lambert's law: OD = ln(I/I 0 ) = μρd, where I 0 is the incident photon flux intensity, d is the sample thickness, and μ and ρ are the mass absorption coefficient and density of the sample material, respectively. The Ln 2 O 3 compounds are known to crystallize in a variety of highly dense phases, [114] [115] [116] [117] [118] such that small, thin particles are needed to avoid saturation effects. For the structure types used in this study (see Experimental), ρ calc increased monotonically from 6.6 to 7. [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] Owing to the challenging nature of STXM measurements on small particles, spectra from multiple particles and beamruns were averaged to achieve the best possible data quality and signal to background ratios. Background-subtracted and normalized O K-edge XAS obtained in transmission using STXM are shown in Fig. 2 [137] [138] [139] The STXM data differ in that the high resolving power of the CLS SM beamline (ca. 0.1 eV at the O K-edge) reveals the fine structure that was not observed with EELS. A spectral deconvolution was conducted to quantify changes in peak energy and intensity throughout the Ln 2 O 3 series. The O K-edge XAS spectra were modeled as described previously using symmetrically constrained Gaussian line shapes and a step function with a 1 : 1 ratio of arctangent and error function contributions. 77, 78, 80 The curve-fitting models are summarized in Table 1 and are shown in Fig. 3 . To facilitate spectral interpretations, a complete and self-consistent curve-fitting model accounting for all of the lanthanide oxides was developed and refined by considering changes in all the spectra simultaneously. In each case, the smallest possible number of fit functions was chosen. Hence, the low energy A-features were modeled with two functions (blue). For Ce 2 O 3 , Eu 2 O 3 , and Yb 2 O 3 , an additional, smaller function was added near 530 to 531 eV to account for the small shoulders near the onset of the first bands (orange). The low-intensity valley between the two main bands that includes B-features was modeled with one function (magenta). Finally, the high energy C-features were modeled with two or three functions, depending on the compound (green). In each case, the curve-fits agreed well with experimental data as shown by low values of χ 2 , and residual data that deviated little from a straight line of zero intensity. For the A-features, the error in the energy of the corresponding Gaussian functions was less than or equal to the spectroscopic energy resolution of ±0.1 eV. The close proximity of the B-and C-features to each other and to the rising edge resulted in larger errors in the energy of roughly ±0.5 eV.
Transition assignments
Spectral interpretations were formulated within the context of previous spectroscopic 90 and theoretical 54 (Fig. 3) . Specifically, the low energy A-features were assigned to excitations from O 1s orbitals to the unoccupied bands resulting from Lu 5d and O 2p π-bonds, while the higher energy C-features were assigned to the excitations from O 1s orbitals to unoccupied bands resulting from Lu 5d and O 2p σ-type bonds. The B-features were assigned to transitions from the O 1s orbitals to bands that are principally derived from the O 2p and Lu 6p orbitals. Based on this interpretation for Lu 2 O 3 , features observed for all the remaining 6-and 7-coordinate Ln 2 O 3 compounds were attributed in the same manner to O 1s transitions into a Energies are taken from the position of Gaussian functions used in the curve-fit, and have an estimated error of ±0.1 eV for the two O 1s → 5d-π features and ±0.5 eV for all higher energy features. b Intensities are derived from the area under Gaussian functions used in the curvefit, and have an estimated error of 10%. Intensities of the O 1s → 5d-σ transitions are reported as the sum of all Gaussian functions used in the fit.
c The 10% error estimation was not given for this feature, which has very little intensity. Intensities between 0.02 and 0.2 were observed after applying larger changes to the overall fit. Ln 5d and O 2p π-bands (A-features), Ln 6p and O 2p σ-and π-bands (B-features), and Ln 5d and O 2p σ-bands (C-features), as shown in Fig. 3 . There are some inherent shortcomings to this approach, which limits the number of Gaussian functions to model spectra that are likely comprised of hundreds of bound-state transitions. For example, the need for multiple Gaussian functions to model the A-and C-features may derive from differences in the coordination number and geometry, multi-electron effects, and band effects. However, previous experience with other transition metal, lanthanide, and actinide compounds suggested that these effects would not invalidate the very general transition assignments provided above. 46, 79, 140, 141 These O 1s → 5d transition assignments are consistent with several O K-edge EELS studies on Ce 2 O 3 and Er 2 O 3 , 134, 136, 142 which also attributed the A and C-features centered at 532.2 and 537.7 eV to transitions involving the Ln 5d π-and σ-bands, respectively. The O 1s → 5d transition assignments for Ce 2 O 3 are also supported by reports of the O K-edge XAS of formally tetravalent CeO 2 , which provided O 1s → 5d-π (e g ) and O 1s → 5d-σ (t 2g ) transition energies of 533.5 and 537.9 eV, respectively. 143 We note that recent Cl K-edge XAS and DFT studies have also shown that the 5d orbitals in CeCl 6 2− and CeCl 6 3− differ in energy by about 0.5 eV. 46 In addition, studies of the electron density distribution in Ln 2 O 3 (Ln = Y, Dy, Ho, Tm, Yb) from synchrotron X-ray diffraction show that, while the majority of 4f electron density is localized, invoking some 5d and 6p orbital involvement in bonding is necessary to explain the overlapping electron clouds for adjacent Ln and O atoms.
129,144
The O 1s → 6p transition assignments provided in Fig. 3 
Spectral intensities
From the spectra shown in Fig. 3 , it is clear that there are large differences in the amount of O 2p mixing for different Ln 2 O 3 .
Quantitative trends in the extent of Ln-O orbital mixing can be determined from the intensity (defined as area, see Experimental) of the Gaussian functions used in the curve-fit. Changes in intensity for the A, B, and C features are summarized in Fig. 6 and Table 1 . Errors in the spectral intensities for individual Gaussian functions were estimated at 10% based on data reproducibility and observations from earlier O K-edge STXM studies. 77, 80 Due to the close proximity to each other and the rising edge, Gaussian functions used to model the high energy B-and C-features were affected by subtle changes in the curve-fitting model. Because the intensities of these individual Gaussian functions may be less reliable, only the sum of the intensities over a set of features (A, B, or C) is used to draw quantitative conclusions in the following discussion. Fig. 6 also shows the total intensity of all the Gaussian functions, which demonstrates that many of the systematic trends described below are not dependent on the curve-fitting model. With these considerations in mind, some quantitative changes in O 2p mixing with Ln based orbitals can be identified. Our curve-fitting model suggested that the total intensities of the A-features were statistically equivalent for most of the Ln 2 O 3 compounds, averaging 2.3 (6) . This change may reflect improvements in the spatial overlap with the especially diffuse 6p orbitals, which are more likely to be influenced by changes in bond length, coordination number, and geometry.
In general, the total intensity of the high energy C-features (O 1s → 5d-σ) was 2 to 3 times larger than the total intensity of the A-features (O 1s → 5d-π) and the B-features (O 1s → Ln 6p), which can be attributed to the improved spatial overlap in σ-bonds involving O 2p and Ln 5d orbitals. Surprisingly, the trend in O 2p and Ln 5d σ-bonding is not monotonic. A large increase in the O 1s → 5d-σ intensity was observed for the lighter Ln 2 O 3 from 4.0(3) (Ce 2 O 3 ) to 6.8(5) (Nd 2 O 3 ). For the heavier Ln 2 O 3 , a jump in the intensity was observed from 4.7(3) (Eu 2 O 3 ) to 6.8(5) (Gd 2 O 3 ), which was followed by a sudden drop from 8.4(7) (Er 2 O 3 ) to 5.7(5) (Tm 2 O 3 ). These changes are difficult to rationalize simply on the basis of periodic differences in structure and ion size. However, a strong foundation for these differences in O 2p and Ln 5d σ-bonding was found in several earlier studies on the electronic structure in Ln 2 O 3 compounds, which are described below.
Systematic trends in Ln-O bonding
Before beginning discussions on the Ln 2 O 3 XAS intensities, some discussions of the earlier studies of the electronic structure in Ln 2 O 3 compounds is required. Through high-temperature conductivity experiments, 89 optical spectroscopy, 90 and DFT calculations using the local-density approximation (LDA), 54, 55, 103 a detailed picture of the Ln 2 O 3 electronic structure has emerged which shows that the relative position of the Ln 4f orbitals with respect to the O 2p and 5d orbitals can have a significant effect on the spectroscopic and physical 
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This journal is © The Royal Society of Chemistry 2016 properties of Ln 2 O 3 compounds. Rather than exhibiting monotonic changes in the electronic structure when moving from left to right in the periodic table, these studies showed that each Ln 2 O 3 compound should be categorized by one of four possible "cases" as defined by Lal and Gaur (Fig. 7) . 89 In Case A -which includes La, Gd, Tb, Dy, Ho, and Er -the 4f n and 4f n+1 states are outside of the O 2p-Ln 5d band gap. In Case B -which includes Ce, Pr, and Nd -the 4f n state is above the O 2p valence band maximum and the band gap is Ln 4f-Ln 5d in nature. The situation is reversed in Case C -which includes Sm, Eu, Tm, and Yb -such that the 4f n+1 state falls below the energy of the 5d conduction band minimum, and the band gap is of a O 2p-Ln 4f nature. Case D, in which both 4f n and 4f n+1 are in the O 2p-Ln 5d gap, is not observed for any Ln 2 O 3 compound.
To simplify comparisons between the Ln 2 O 3 O K-edge XAS and these earlier studies, a configuration interaction (CI) model was developed to describe bonding between the O 2p and Ln 4f and 5d orbitals. Compared with molecular orbital theory, CI is well suited to describe bonding in systems containing f orbitals because it is a multi-electron model. CI also explicitly includes the fully ionic configuration, and 4f-orbital bonding is predominantly ionic. Hence, Ln-O bonding involving the O 2p, 4f, and 5d orbitals was described using the following expression 54, 103 or -for this analysis -estimated from the second and third ionization potentials and f to d promotion energies, 150 as shown in Fig. 8 and S1 in the ESI. †
151
Because Ln 2 O 3 bonding is predominantly ionic, the 4f n 5d 0 configuration is the largest contributor to the ground state electronic structure (large a in eqn (1)). However, the large difference between C-feature intensities for Case A, B, and C oxides suggests that significant differences in the amount of O 2p σ-type mixing with the Ln 5d orbitals occurred, even for adjacent Ln 2 O 3 compounds. Interpretations of ligand K-edge XAS trends have frequently relied on first-order perturbation theory, 77, 78, 141, 152 in which orbital mixing is proportional to the spatial overlap and energy match between the atomic orbitals. Because the radial extension of the 4f orbitals is small, increases in 4f orbital covalency have primarily been achieved by minimizing the energy separation (degeneracy driven covalency). 127, 138, 139 Within the limits of this model, changes in the intensity of the O K-edge can be rationalized using eqn (1) Fig. 9 shows how the spectra can be partitioned into several groups with distinct behavior, and correlates well with expectations from the physical and theoretical studies described above. 54 For example, O 1s → 5d-σ transitions observed for Case A oxides were generally the most intense, rising systematically in energy and intensity with increasing 4f orbital occupancy from 5.8 (4) From the synthetic chemist's perspective, these observations have important implications for understanding general trends in lanthanide reactivity, redox behavior, magnetism, and electrical conduction. For example, the O K-edge XAS shows that the 4f orbitals in Case A Ln 2 O 3 are chemically inactive as either electron donors or acceptors. Hence, Case A lanthanides are most often found in the trivalent (4f n ) state, despite having a significant amount of 5d-covalency. According to the lanthanide fourth ionization potentials, 151 the energy of the 4f orbitals decreases when moving from left to right in the periodic table, first from Ce to Gd, and again from Tb to Lu in the second half of the series (Fig. 8) . Hence, for Case B lanthanides the 4f orbitals are high in energy and 4f-electron delocalization is enhanced through hybridization with the 5d orbitals. The effect of this is that Case B lanthanides are better electron donors and can access the tetravalent oxidation state more easily. The picture is reversed for Case C oxides, such that Sm, Eu, Tm, and Yb are better electron acceptors and more susceptible to reduction to a divalent Ln 2+ state (4f n+1 ).
There are some subtleties to the correlation between these O K-edge XAS measurements and earlier work. Firstly, theory, high-temperature conductivity measurements, and optical absorption experiments suggest that monoclinic Tb 2 O 3 should be described by a Case B band model. 54 unique to the divalent lanthanides, as a related phenomenon was described above for the trivalent 
Summary and conclusions
The results presented in this study show that O K-edge XAS provides unique insight that can be used to identify experimental trends in Ln-O bonding for lanthanide oxides. The presence of well-resolved pre-edge transitions provided unambiguous evidence for covalent mixing between the O 2p orbitals and lanthanide-based 5d and 6p orbitals. O K-edge XAS also provided a unique opportunity to quantify changes in the σ and π components of Ln-O bonds independently. For example, a modest and essentially invariant amount of π-type mixing between the Ln 5d and O 2p orbitals was observed for all of the Ln 2 O 3 compounds. In contrast, O 2p-Ln 5d σ-type mixing was significant and exhibited multiple abrupt changes that signaled large shifts in the electronic structure. This revealed a complex picture of the electronic structure in Ln 2 O 3 that is not obtained from the examination of Ln-O bond lengths and bond strengths, which are largely driven by the monotonic decrease in Ln 3+ ionic radii from La to Lu.
A simple theoretical framework to rationalize these results was developed around the concept of "degeneracy-driven covalency", where increases in covalency are achieved by decreasing the energy separation between atomic orbitals. 141, 162, 163 In this model, the set of Ln 2 O 3 where Ln = La, Gd, Tb, Dy, Ho, and Er exhibited the most Ln 5d and O 2p orbital mixing, and the covalent part of the Ln-O bond was best described by O 2p → 5d charge transfer. The Ln 4f and 5d orbitals were closer in energy for Ce, Pr, and Nd, which increased 4f-5d hybridization and created more accessible pathways to delocalize the 4f-electrons. From a technical standpoint, the approach used in this study shows that conducting transmission XAS measurements on micron-scale particles using STXM overcomes many of the inherent difficulties associated with obtaining accurate O K-edge XAS on dense oxide materials. Interpreting the Ln 2 O 3 spectra also posed unique challenges derived from the lowsymmetry coordination environments, open-shelled electronic configurations, and interactions with multiple 4f, 5d, and 6p orbitals. In this study, comparisons were developed for a complete series of Ln 2 O 3 (except radioactive Pm), which provided a sound basis for validating data reduction schemes and spectral interpretations. Additional experiments are needed to determine if this approach can be applied to systems with different ligands, or with different metals and orbital energies. Along these lines, future work will include the transuranic sesquioxides An 2 O 3 (An = Pu, Am, Cm, Bk, and Cf ), where chemical bonding with both the 5f and 6d orbitals is anticipated to result in increasingly complex spectra.
Experimental

Sample preparation
For this study, La 2 O 3 , Ce 2 O 3 , Pr 2 O 3 and Nd 2 O 3 were prepared in the hexagonal, P3m1 phase, and the remaining oxides were prepared in the cubic, Ia3 phase. With some exceptions described below, the lanthanide sesquioxides were obtained from commercial sources, dried at 150°C under vacuum of 10 −5 torr for 24 h, and used without further purification. 167 All the lanthanide sesquioxides were characterized using powder X-ray diffraction to confirm the composition and phase purity. To ensure that samples did not contain adventitious oxygen, all manipulations were performed with rigorous exclusion of air and moisture in a glovebox under an argon atmosphere. Samples were prepared as described previously 77, 80, 168, 169 by brushing the fine powder onto a Si 3 N 4 membrane (100 nm, Silson) with a small fiber. A second membrane was placed over the sample, and the edges were sealed together using Hardman Double/Bubble 5-minute epoxy.
Oxygen K-edge measurements STXM methodology was similar to that discussed previously. 77, 80, 168, 169 Single-energy images and O K-edge XAS spectra were acquired using the STXM instrument at the Canadian Light Source (CLS) spectromicroscopy beamline 10ID-1, which is operated in decay mode (250 to 150 mA, in a ca. 0.5 atm He-filled chamber). The beamline uses photons from an elliptically polarizing undulator that delivers photons in the 130 to 2700 eV energy range to an entrance slit-less planegrating monochromator. 112 The beamline energy was calibrated to a Rydberg feature at the O K-edge for CO 2 gas (538.9 eV). The maximum energy resolution E/ΔE was previously determined to be better than 7500, 112 which is consistent with the observed standard deviation for spectral transitions of ±0.1 eV determined from the comparison of spectral features over multiple particles and beam runs. For these measurements, the X-ray beam was focused with a zone plate onto the sample, and the transmitted light was detected.
The spot size and spectral resolution were determined from the characteristics of the 35 nm zone plate. Images at a single energy were obtained by raster-scanning the sample and collecting transmitted monochromatic light as a function of the sample position. Spectra at particular regions of interest on the sample image were extracted from the "stack", which is a collection of images recorded at multiple, closely spaced photon energies across the absorption edge. Dwell times used to acquire an image at a single photon energy were 2 ms per pixel and spectra were obtained using circularly polarized radiation. The incident beam intensity was measured through the sample-free region of the Si 3 N 4 windows. In order to ensure that the spectra were in the linear regime of Beer-Lambert's law, particles with an absorption of less than 1.5 OD were used. Because lanthanide sesquioxides are strongly absorbing materials with densities ranging from 6 to 9 g mL −1 , and because oxygen has a large X-ray absorption cross-section, small particles were selected with lengths of the order of 100 nm in a given dimension. Particles were homogeneous and did not show signs of radiation damage following data acquisition. High quality spectra were obtained by averaging measurements from multiple independent particles, samples, and beam runs.
Data analysis
The O K-edge STXM data were background subtracted using the MBACK algorithm in MATLAB and by setting the edge jump at 541 eV to an intensity of 1.0. 170 Fits to the O K-edges were performed using the program IGOR 6.0 and a modified version of EDG_FIT. 171 Second-derivative spectra were used as guides to determine the number and position of peaks. Preedge and rising edge features were modeled a Gaussian line shapes and a step function. For the step function, a 1 : 1 ratio of arctangent and error function contributions was employed. Fits were performed over several energy ranges. The quality of each curve fit was determined by evaluating changes in the χ 2 and by inspecting the residual intensity, which is obtained by subtracting the fit from the experiment and should resemble a horizontal line at zero. The area under the pre-edge peaks (defined as the intensity) was calculated with the formula fwhm × ph × (1/2)(π/ln 2) 1/2 , where fwhm = full width at half maximum height (eV), ph = peak height (normalized intensity), and the value (1/2)(π/ln 2) 1/2 ≈ 1.065 is a constant associated with the Gaussian function. For the heavier Ln 2 O 3 (Ln = Ho to Lu), fully unconstrained models did not converge with realistic parameters for the width of the functions used to model the poorly-resolved B-features. As discussed in other recent ligand K-edge studies using STXM, 78 reasonable parameter constraints can help to obtain relevant and worthwhile models of the spectra that have high statistical noise. To obtain reasonable models and avoid excessively broad functions, the peak height to peak width ratios for the main functions were constrained to 0.25 (Int per eV) or greater, based on the observations from other O K-edge studies. 77 
